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Introduction
In the last few years there has been increasing interest in the study of chiral molecules adsorbed on surfaces. This work is motivated by the need to produce enantiopure chiral molecules (e.g. [1] ) for pharmaceutical applications (e.g. [2] ); currently this is generally achieved using homogeneous catalysts that tend to be expensive and difficult to recover. By understanding the way such molecules interact with surfaces one might ultimately identify heterogeneous catalysts for this purpose. Indeed, the addition of chiral molecules, such as tartaric acid, to act as modifiers to heterogeneous catalysts, such as Raney nickel, has proved to be successful in this regard [3, 4, 5] . Tartaric acid (which has two chiral centres, see Fig 1) in its crystalline form was the first material found to have optical activity [6] , now known to be associated with the chirality of the molecule. Its adsorption on the Cu(110) surface has been used as a model system for extensive investigation by a range of experimental techniques including low energy electron diffraction (LEED), scanning tunnelling microscopy (STM), Fourier-transform reflection-absorption infrared spectroscopy (FT-RAIRS) [7, 8] , and also by density functional theory (DFT) calculations [9, 10, bitartrate phase. A recent DFT study [11] concluded that the potential barrier for initial deprotonation, to form the monotartrate species on the Cu(110) surface, is below 0.1eV, whereas the barrier to form the bitartrate species is more than 1 eV, qualitatively consistent with the need for increased temperatures to create the bitartrate. The fact that this conversion only occurs at lower monotartrate coverages is also consistent with the larger 'footprint' of the bitartrate species on the surface, and thus the need for show three adsorbate features per unit cell that are proposed to each correspond to a single tartrate species; this implies that the coverages of these phases are 0.25 ML and 0.17 ML respectively [7] .
While these previous studies of the Cu(110)/tartaric acid system provide considerable insight into the surface reaction and molecular ordering, none of the experiments provide information on the local adsorption geometry. It has been generally assumed that the deprotonated species bond to the surface in a fashion locally identical to that of the simple carboxylate species formate (HCOO) [12, 13, 14] , acetate (CH 3 COO) [15] , and benzoate (C 6 H 5 COO) [16 [110 ] ] on this surface, with the two O atoms of each carboxylate species occupying near-atop sites relative to two nearest-neighbour Cu surface atoms along the close-packed rows. This geometry is consistent with the results of the DFT calculations [9] . Of course, in the bitartrate phase, bonding of the molecule through both sets of carboxylate O atoms means that the mismatch of the unstrained surface and molecular geometry imposes constraints on the exact local bonding sites. A similar effect is seen in the simple amino acids, glycine (NH 2 CH 2 COOH) [17] and alanine (NH 2 CHCH 3 COOH) [18] , which bond through both the deprotonated carboxylate O atoms and the amino N atom, and this three-point bonding on Cu(110) does force one of the O atoms to adopt a site that is substantially displaced from a local atop geometry. The impact of the four-point bonding of the bitartrate phase is thus an issue of some interest.
Here we present the first direct experimental quantitative determination of the local adsorption site of tartaric acid on Cu(110) for both the monotartrate and bitartrate conformers using scanned-energy mode photoelectron diffraction (PhD), the same technique that has been used in the past to determine the local adsorption geometry of other carboxylic acid species on copper surfaces [13, 14, 15, 16, 17, 18] . The PhD technique [19, 20 ] exploits the coherent interference of the directly-emitted component of the photoelectron wavefield, from a core level of an adsorbate atom, with components of the same wavefield that are elastically backscattered by the nearby (mainly substrate) atoms. By measuring the photoemission in specific directions as a function of photon energy, and hence photoelectron energy and wavelength, the scattered wavefield components shift in and out of phase relative to the directly emitted component; the resulting modulations in the detected photoemission intensity, which depend on the scattering pathlengths, thus provide information on the relative emitter-scatterer atomic positions. These modulations can be simulated for different structural models using multiple scattering calculations, and by modifying the structure until one achieves good agreement with the experimental measurements, the local adsorption geometry around the emitter can be determined.
Experimental details
The experiments were conducted in an ultra-high vacuum surface science endstation equipped with typical facilities for sample cleaning, heating and cooling.
This instrument was installed on the UE56/2-PGM-2 beam line of BESSY-II, which comprised a 56 mm period undulator followed by a plane grating monochromator [21] . The sample could be rotated about its surface normal (to change the azimuthal angle) and about its vertical axis (to change the polar angle), allowing (simultaneous) variation of incidence and electron collection directions.
Sample characterisation in situ was achieved by LEED, and by SXPS (soft X-ray photoelectron spectroscopy) using the incident synchrotron radiation. The SXPS and PhD data were measured using an Omicron EA-125HR 125 mm mean-radius hemispherical electrostatic energy analyser, equipped with seven-channeltron parallel detection, which was mounted at a fixed angle of 60° to the incident radiation, in the same horizontal plane as that of the polarisation vector of the incident radiation.
A clean, well-ordered Cu(110) surface was prepared from an oriented and energy, and these plots were used to define a smooth spline which represents the non-diffractive intensity and instrumental factors. The spline was then subtracted from, and used to normalise, the integrated areas, to provide the final PhD modulation spectrum.
Results

SXPS Characterisation
The O1s and C1s SXP spectra from the prepared monotartrate and bitartrate The assignment of the two peaks in the C 1s SXP spectra is relatively straightforward by comparison with spectra from other molecules containing both a carboxylic acid or carboxylate species, and one or more four-fold coordinated C atoms. The higher kinetic energy peak may be attributed to the middle carbon atoms, C(2) and C(3) (Fig. 1 ), which are bonded to the alcohol groups, while the lower kinetic energy peak is associated with the outer carbon atoms, C(1) and C(4) that are part of the carboxylic acid/carboxylate groups. One surprising feature of the C 1s spectra is that the peak at lower kinetic energy appears to be consistently weaker than the peak at higher kinetic energy, although according to this assignment, both peaks arise from 2 C atoms in the tartrate species. This effect has also been observed in C 1s spectra in many other adsorbed (deprotonated) species produced by reaction with carboxylic acids, notably acetic acid on Cu(110) [15] , glycine on Cu(111) [22] and Pd(111) [23] , serine on Cu(110) [24] , and alanine on Cu(110) [25, 26 ] , and must be attributed to loss of intensity in one of the peaks to shake-up satellites; the shoulder visible in the spectra at lower kinetic energy is consistent with this interpretation. (2)), these four O atoms may be expected to lead to peaks at the same energies as the two peaks in the bitartrate spectrum. The implication is therefore that the two O atoms in the remaining carboxylic acid group, namely the C=O and C-OH species, must have O 1s chemical shifts similar to the carboxylate and OH species of the bitatrate. It seems most reasonable to assign them to these two components in this order although, as we shall see, for the purposes of our PhD structure investigation, the ordering of these assignments proves to be unimportant.
PhD results: qualitative evaluation
The objective of the PhD analysis is to determine the local adsorption The PhD spectra from the O 1s peak at lower kinetic energy were devoid of any obvious modulations, consistent with our expectation that this emission is from O atoms that are relatively far from the surface and lack any near-neighbour Cu scatterer atoms. A striking feature of the data of Fig. 3 is the remarkable similarity of the spectra from the two different species. One might infer from this that the two structures are identical, yet our SXP spectra and the associated coverage estimates, as well as the previously published FT-RAIRS results using similar preparation methods [7] , clearly indicate that the two surface species are different, while the FT-RAIRS data and STM images further indicate that the two molecular orientations differ. It is therefore difficult to see how the two adsorption geometries can be equivalent. The different LEED patterns observed in the present work also reinforce the view that we are studying different surface phases, but LEED tends to be dominated by the diffraction pattern of those regions of the surface that show the best long-range order, which may be a minority phase on the surface. SXPS, on the other hand, averages over the whole surface, so the clear difference in these spectra recorded from the two different methods of surface preparation are indicative of the surfaces being predominantly covered by different species.
In fact a strong similarity in PhD data from the two species is to be expected. We have already noted that all the bonding carboxylate O atoms (two in the monotartrate, four in the bitartrate) are likely to adopt near-atop sites. The different constraints of the anticipated two-point and four-point bonding geometries, involving some mismatch between interatomic distances on the surface and within the undeformed molecule, would lead us to expect some subtle differences in the O bonding sites, but after averaging over the sites of the inequivalent atoms in the molecules, these differences may have only a modest effect on the resulting PhD data.
On further qualitative observation is that the dominant long range periodicity of the modulations seen in data recorded at and near normal emission is quite similar to that seen from simple deprotonated carboxylates on Cu(110) [14, 15, 16] . This strongly suggests that the emitter O atoms are in similar near-atop sites and at similar Cu-O bondlengths of ~ 1.90-1.95 Å. However, the fact that the modulation amplitudes do not decrease substantially with increasing emission angle may suggest that the emitter O atoms are significantly more displaced from exact atop sites than is found to be the case for the simple carboxylates on Cu(110).
PhD results: quantitative structure determination
In order to achieve a proper quantitative analysis of the PhD data, multiple scattering simulations for different structural models were performed using the computer codes developed by Fritzsche [27, 28, 29 19 ]. These are based on the expansion of the final state wave-function into a sum over all scattering pathways that the electron can take from the emitter atom to the detector outside the sample.
The level of agreement between the theoretical and experimental modulation amplitudes is quantified using an objective reliability factor (R-factor) [ , 20] defined in a fashion closely similar to that proposed by Pendry for quantitative LEED studies [30 ] . The R-factor is defined such that a value of 0 corresponds to perfect agreement, and a value of 1 to uncorrelated data. The lowest value achievable in practice depends on the complexity of the structure and the amplitude of the modulations, but typically falls in the range 0.2-0.4.
In the present case the structural optimisation to locate the best-fit structure is complicated by the large number of structural parameters with at least two inequivalent O emitter sites in each molecule (creating a multidimensional hyperspace). In order to search for the global minimum of the R-factor in this parameter space, and to try to avoid convergence on local minima, structural models were first explored using a particle swarm optimisation algorithm [31] .
Having located potential global minima by this approach, an adapted NewtonGauss algorithm was used to further optimise the structures. Precision estimates associated with the individual structural parameters were obtained using our standard methodology of defining a variance of the minimum value of the Rfactor associated with a best-fit structure, R min [32] . All parameters values giving structures with R-factors less than R min + Var(R min ) are regarded as falling within one standard deviation of the best fit structure. In the structure determination for both the monotartrate and the bitartrate the molecule was assumed to adsorb intact with similar intramolecular bondlengths and bond angles to those in the tartaric acid crystal structure [33 [110 ] ]. The atomic coordinate systems was defined with the x, y and z axes along, respectively, , [001] and the outward surface normal,
[110].
Monotartrate on Cu(110)
In the PhD simulations for the monotartrate species on Cu(110), emission from three O atoms was assumed to contribute to the higher photoelectron kinetic 
Bitartrate on Cu(110)
For the multiple scattering PhD simulations from the bitartrate species, we assume that the four carboxylate O atoms are the emitters that contribute to the PhD spectra. In this case too, the chirality of the molecule means that the two O atoms in a single carboxylate group need not occupy locally equivalent sites;
indeed, the mismatch of interatomic spacings in the molecular footprint and in the underlying Cu(110) structure means that some inequivalence is to be expected.
However, as the molecule does have 2-fold rotational symmetry, the diagonally- A global structural search was pursued including all C and O atoms; all our PhD calculations neglect the extremely weak scattering from H atoms. The two symmetry-constrained models with the molecule centred over hollow and longbridge sites (as seen in Fig 6 and Fig 7 respectively) , were explored independently. The centre of the molecule was allowed to vary in z, while the carboxylate groups were allowed to rotate around the adjacent C-C (C(1)-C (2) and C(4)-C(3)) axes (φ (COO) ), and to tilt with respect to the surface normal (θ (COO) ); the whole molecule was also allowed to rotate relative to the surface normal about its centre (φ tartaric ). The Cu atoms closest to the emitting O atoms were also allowed to relax by small amounts in the y and z directions, while the emitting O atoms were allowed to vary independently in x by a small amount.
Three competing models with comparably-favourable R-factors were found through this search. Two of the models are centred over the hollow site while the third has the molecule centred on the long-bridge site.
Of the two hollow-site models, one is found to have a tilt angle of the COO plane of only 38±6° relative to the surface normal and we refer to this as the 'upright' The comparatively high R-factors found in these bitartrate structures can be attributed to the relatively poor signal-to-noise ration of the PhD spectra that arise, at least in part, from the lower molecular coverage (by a factor of ~2), and the thus weaker photoemission signal, than that of the monotartrate phase.
General discussion and conclusions
Here we have presented the results of the first direct structural information for the local adsorption site of tartaric acid on Cu(110 [17] , and 1.90-2.04±0.03Å for alaninate [18] . Interestingly, the bondlengths found for the monotartrate, which bonds to the surface only through one carboxylate species, is essentially identical to those of the simple carboxylates that bond in the same way, while the slightly longer bondlength seen for bitartrate with a four-point bonding to the surface is also seen in the two amino acids with three-point bonding. Whether this marginally-significant difference is due to the geometrical constraints or through-metal effects on the near-neighbour bonding Cu atoms is unclear.
Based on the PhD data analysis alone we are unable to distinguish between the three competing bitartrate models. We note, however, that the published DFT calculations [9, 11] show the bitartrate centred on the hollow site which would exclude our bridge site solution (Fig.7) , although it is not clear that the bridging model was explicitly tested in these calculations. Although none of the DFT investigations report specific values for the orientation of the COO plane in the bitartrate calculations, the schematic diagrams presented in these papers indicate the tilt angles from the surface normal are small. The 'upright' hollow geometry of Fig. 5 is thus the one model that is consistent with both the PhD data and the results of the DFT calculations; as such it is the most probable structure. 
